Introduction
============

Homeostasis and regeneration of adult tissues requires a tight balance between the production of new cells and the removal of old or damaged cells. Such an equilibrium is maintained by stem cells that reside at specific locations within the tissue ([@b52]). Deregulation of the homeostatic control between stem cell proliferation and/or differentiation has been linked to the initiation and progression of tumours ([@b26]).

Homeostatic turnover in the mammalian intestinal epithelium is achieved through the action of intestinal stem cells (ISCs), which are located at the base of each intestinal crypt ([@b7]). ISCs also confer a remarkable regenerative capacity to the intestinal epithelium following DNA damage, acute inflammation, surgical resection or knockdown of genes essential for tissue homeostasis ([@b5]; [@b31]; [@b10]). The commonalites and differences between the mechanisms regulating intestinal regeneration in response to damage and those involved in homeostatic self-renewal remain largely unknown.

Canonical or β-Catenin-dependent Wnt signalling, which we will refer to as Wnt signalling, is an essential regulator of vertebrate intestinal homeostasis ([@b41]; [@b71]; [@b31]). Inactivating mutations in the gene encoding for the Wnt signalling inhibitor, Adenomatous Polyposis Coli (Apc), are detected in 80% of hereditary and sporadic forms of colorectal cancer (CRC) ([@b40]; [@b42]). Several lines of evidence suggest that mammalian Wnt signalling might be important for intestinal regeneration: (i) high levels of β-Catenin and the Wnt target gene c-Myc accumulates in regenerating intestinal crypts and (ii) c-myc is required to induce intestinal regeneration in the mouse ([@b4]). Nevertheless, the role and regulation of Wnt signalling during intestinal regeneration remains to be directly tested.

Mammalian studies have often been hampered by the absolute requirement of Wnt signalling for normal intestinal homeostasis. Inactivating mutations in the Wnt pathway lead to a very rapid loss of intestinal tissue ([@b57]). Furthermore, the presence of multiple vertebrate Wnt ligands and stem cell populations ([@b68]) makes it difficult to unambiguously identify the source and type of Wnt that composes the ISC niche in homeostatic conditions as well as during regeneration. Work using CRC cell lines favours the presence of a mesenchymal niche ([@b72]). On the other hand, crypt culture studies propose that Wnt3 secreted from the Paneth cells may represent an intrinsic ISC niche ([@b62]). Nevertheless, a role for Paneth cells in Wnt-signalling activation and ISC proliferation could not be confirmed *in vivo* ([@b24]; [@b39]), indicating the presence of compensatory signals.

Due to its remarkable resemblances to the vertebrate intestine ([@b17]) the *Drosophila* adult midgut is emerging as a useful model to study intestinal homeostasis, regeneration and disease. Importantly, the fly intestinal epithelium is replenished by its own ISCs ([@b51]; [@b54]). *Drosophila* ISCs are randomly scattered along the basal membrane of the intestinal tube and, following division, ISCs give rise to a transcient undifferentiated progenitor---the enteroblast (EB)---which differentiate into either the secretory cell lineage---the enteroendocrine cells (ee)---or the absorptive epithelial cell lineage represented by the enterocytes (ECs).

Genetic studies indicate conservation in the role for the Wnt/Wg signalling in the *Drosophila* midgut ([@b48]; [@b21]; [@b46]). Nevertheless, current data have led to the suggestion that the extent to which Wnt signalling is required in the fly and vertebrate intestine may be different ([@b34]). Work from the Xi laboratory has shown that the visceral muscle (VM), which surrounds the *Drosophila* intestinal epithelium expresses the ligand Wg ([@b47]). It has therefore been proposed that Wg secreted from the VM constitutes part of the ISC niche, which is required for ISC proliferation under homeostatic conditions ([@b48]). However, loss of Wg from the whole intestine or loss of function clones of components of the Wg signalling pathway from the intestinal epithelium show a rather mild, progressive decrease in homeostatic ISC proliferation ([@b48]). Indeed, later work from the same laboratory suggests that combined loss of Armadillo/β-Catenin, EGFR and JAK/Stat signalling is required for efficient blockade in ISC maintenance during homeostatic self-renewal of the intestinal epithelium ([@b74]).

Much like its vertebrate counterpart, the *Drosophila* adult intestine displays a remarkable regenerative response to stressors or damaging agents, which disrupt epithelial integrity. Damage induced by bacterial infection, EC cell death, Bleomycin or dextran sodium sulphate (DSS) treatment leads to activation of ISC proliferation to regenerate the damaged intestinal epithelium ([@b2]; [@b14]; [@b36]). Pathways such as Jun N-terminal Kinase (JNK), JAK/Stat, Hippo and EGFR signalling have been shown to mediate damage or stress-induced intestinal regeneration in *Drosophila* ([@b11]; [@b3]; [@b14]; [@b22]; [@b36], [@b35]; [@b38]; [@b59]; [@b63]; [@b66]; [@b12]). JAK/Stat and Hippo signalling have a conserved role in the mammalian intestine ([@b56]; [@b16]). The role and regulation of Wg signalling during intestinal regeneration has not been addressed.

Our results demonstrate that Wg within the intestinal epithelial compartment is induced in response to acute damage/stress in the *Drosophila* adult midgut. This source of Wg is exclusively required for damage-induced ISC proliferation and subsequent midgut regeneration while it is dispensable for intestinal self-renewal in unchallenged tissues. Importantly, we demonstrate that the EBs represent the source of epithelial Wg, which signals to the ISCs and induces their proliferation in response to damage. Therefore, our results uncover the presence of a 'regeneration-specific Wg niche\', which is regulated and required for ISC proliferation in conditions of damage or stress.

Results
=======

Wg is induced within the epithelial compartment of the *Drosophila* midgut in response to damage
------------------------------------------------------------------------------------------------

Previous work on the *Drosophila* midgut indicated that, under homeostatic conditions, endogenous Wg was localized to the VM and at low levels in ISCs/EBs ([@b48]). Using the previously published antibody staining protocol ([@b48]) we were able to confirm the localization pattern in both domains ([Figure 1A--A″′](#f1){ref-type="fig"} and [Figure 1D and D′](#f1){ref-type="fig"}, respectively). To further address the source of Wg in the midgut under basal or 'steady-state\' conditions, we used RNA interference against wg (wg-IR) to specifically knockdown wg from the VM using the specific drivers how-gal4 ([@b33]) (how^ts^\>wg-IR; [Figure 1B--B″′](#f1){ref-type="fig"}) and mef2-gal4 ([@b53]) (mef2^ts^\>wg-IR; [Supplementary Figure S2C--D′](#S1){ref-type="supplementary-material"}). Wg protein immunostaining confirmed efficient knockdown of Wg in the VM with both drivers ([Figure 1B--B″′](#f1){ref-type="fig"}, compare with [Figure 1A--A″′](#f1){ref-type="fig"} and [Supplementary Figure S2D and D′](#S1){ref-type="supplementary-material"}, compare with [Supplementary Figure S2C and C′](#S1){ref-type="supplementary-material"}). Furthermore, RT--qPCR of how^ts^\>wg-IR midguts showed almost complete knockdown of basal wg message levels upon VM-specific gene knockdown ([Supplementary Figure S1A](#S1){ref-type="supplementary-material"}). We next used the ISC/EB-specific driver escargot-gal4 (esg) ([@b51]) to knockdown wg within those cells of the epithelial compartment and we were unable to detect a significant knockdown of basal Wg protein or gene mRNA ([Supplementary Figure S1B and E--F′](#S1){ref-type="supplementary-material"}). Together, these data would indicate that, in the homeostatic scenario, Wg is almost exclusively produced by the VM. Nevertheless, we observed cells positive for Wg staining within the epithelium of how\>wg-IR midguts ([Figure 1B″ and B″′](#f1){ref-type="fig"}, arrows). This raised the posibility of a source of Wg in homeostatic midguts deriving from ISCs/EBs themselves in addition to the VM, which may be underpresented by gene knockdown in individual domains. Therefore, we combined the esg-gal4 and how-gal4 drivers to achieve simultaneous wg knockdown in VM and ISCs/EBs (esg; how\>wg-IR) ([Figure 1C--C″′](#f1){ref-type="fig"}; [Supplementary Figures S2E--F′ and S3K, L](#S1){ref-type="supplementary-material"}). Unlike how\>wg-IR midguts, esg; how\>wg-IR midguts showed nearly undetectable Wg staining in ISCs/EBs ([Figure 1C″ and C″′](#f1){ref-type="fig"}; compare with [Figure 1B″ and B″′](#f1){ref-type="fig"} and [Supplementary Figure S2E′ and F′](#S1){ref-type="supplementary-material"}). Together, these data suggest that the VM and ISCs/EBs represent two independent sources of Wg in the midgut under homeostatic or 'steady-state\' conditions.

We then tested whether Wg was induced in the adult *Drosophila* midgut in response to acute stress or damage to the midgut epithelium, which triggers a strong regenerative response characterized by a marked increase in ISC proliferation ([@b11]; [@b2]; [@b3]; [@b14]; [@b22]). We induced damage in the intestine by feeding flies the pathogenic bacteria *Pseudomonas entomophila* (Pe) ([Figure 1E and E′](#f1){ref-type="fig"}), the detergent DSS ([Figure 1F and F′](#f1){ref-type="fig"}) or the apoptosis-inducing reagent Bleomycin ([Supplementary Figure S1G and G′](#S1){ref-type="supplementary-material"}) and stained for Wg. Antibody staining showed a dramatic upregulation of Wg protein within the ISCs/EBs progenitor cell population labelled by esg-gal4, UAS-gfp (esg^ts^\>gfp) in response to all the damaging agents used ([Figure 1E′ and F′](#f1){ref-type="fig"}, compare with [Figure 1D′](#f1){ref-type="fig"}; [Supplementary Figure S1G′](#S1){ref-type="supplementary-material"}, compare with [Supplementary Figure S1E′](#S1){ref-type="supplementary-material"}). RT--qPCR from whole midguts showed an upregulation of the wg transcript upon the different damages ([Supplementary Figure S1C](#S1){ref-type="supplementary-material"}). Critically, overexpression of two independent wg-IR constructs under the control of the esg-gal4 driver (esg^ts^\>wg-IR and esg^ts^\>wg-IR^KK^) resulted in a complete block in Wg upregulation in the midgut epithelium ([Figure 1G′ and H′](#f1){ref-type="fig"} and [Supplementary Figure S1H′](#S1){ref-type="supplementary-material"}; compare with [Figure 1E′ and F′](#f1){ref-type="fig"}). This was confirmed at the mRNA level by RT--qPCR ([Supplementary Figure S1D](#S1){ref-type="supplementary-material"}). Furthermore, esg^ts^\>wg-IR midguts showed a clear impairment in the expansion of the esg\>gfp domain, which characterizes the regenerating intestinal epithelium ([Figure 1G and H](#f1){ref-type="fig"}; [Supplementary Figure S1H](#S1){ref-type="supplementary-material"}; compare with [Figure 1E and F](#f1){ref-type="fig"}). Importantly, driving either RNAi within the VM (how^ts^\>wg-IR or how^ts^\>wg-IR^KK^) was not sufficient to prevent upregulation of Wg within the midgut epithelium ([Figure 1I](#f1){ref-type="fig"}; [Supplementary Figure S1I](#S1){ref-type="supplementary-material"}; compare with [Figure 1E′](#f1){ref-type="fig"}). To further confirm the identity of the cells showing Wg upregulation in response to damage, we stained midguts from flies carrying the EC marker MyoIA\>gfp ([@b36]) and fed a control diet (Sucrose) or damaging agents ([Figure 1J--L](#f1){ref-type="fig"}; [Supplementary Figure S1J--N′](#S1){ref-type="supplementary-material"}). Consistent with Wg upregulation in ISCs/EBs, control midguts showed exclusive Wg staining in cells with small nuclei and not expressing MyoIA-gfp (MyoIA-gfp negative; MyoIA-gfp^−ve^) ([Figure 1J](#f1){ref-type="fig"}; [Supplementary Figure S1J and J′](#S1){ref-type="supplementary-material"}). In response to damage Wg was consistently upregulated in MyoIA-gfp^−ve^ cells, which were mainly represented by cells with small nuclei ([Figure 1K](#f1){ref-type="fig"}, compare with [Figure 1J](#f1){ref-type="fig"}; [Supplementary Figure S1J--K′](#S1){ref-type="supplementary-material"} to see separate channels). Some MyoIA-gfp^−ve^ cells of intermediate nuclear size that presumably represent newly made immature ECs were also labelled ([Figure 1K and L](#f1){ref-type="fig"}, small arrows). These cells are also labelled with esg\>gfp in regenerating midguts due to the increase in ISC proliferation rate and rapid production of new cell lineages ([Figure 1E--F′](#f1){ref-type="fig"}). Importantly, as in the case of regenerating how^ts^-wg-IR midguts, MyoIA^ts^\>wg-IR midguts maintained Wg upregulation within the midgut epithelium in response to all damages ([Figure 1L](#f1){ref-type="fig"}; compare with [Figure 1K](#f1){ref-type="fig"} and [Supplementary Figure S1M′ and N′](#S1){ref-type="supplementary-material"}; compare with [Supplementary Figure S1K′](#S1){ref-type="supplementary-material"}). Together, these data show that the main source of upregulated Wg within the epithelial compartment of regenerating adult *Drosophila* midguts is the esg^+ve^ progenitor cell population.

Wg from ISCs/EBs but not the VM is required for damage-induced ISC proliferation in regenerating adult *Drosophila* midguts
---------------------------------------------------------------------------------------------------------------------------

To unambigously identify the functional source of Wg during intestinal regeneration, we measured ISC proliferation in response to damage in intestines where wg was knocked down from either ISCs/EBs (esg^ts^\>wg-IR) ([Figure 2A--I](#f2){ref-type="fig"}), the VM (how^ts^\>wg-IR and mef^ts^\>wg-IR) ([Figure 2J and K](#f2){ref-type="fig"}) or ECs (MyoIA^ts^\>wg-IR) ([Figure 2N](#f2){ref-type="fig"}). We confirmed our results by the use of two independent wg RNAis (wg-IR and wg-IR^KK^) as well as by knocking down Wntless/Evi (Wls/Evi) (wls-IR), a conserved regulator of Wg secretion, which acts specificaly within the ligand-producing cells ([@b6]; [@b8]).

We found that midguts with knockdown of wg in ISCs/EBs (esg^ts^\>wg-IR) showed a consistently impaired regenerative response to all the damaging agents used ([Figure 2A--I](#f2){ref-type="fig"}; [Supplementary Figure S2A](#S1){ref-type="supplementary-material"}). Interestingly, wg heterozygote midguts (wg^CX4^/Cyo) showed a 50% reduction in the rate of ISC proliferation in response to damage ([Figure 2M](#f2){ref-type="fig"}). Conversely, knocking down wg from the VM only or ECs did not significantly affect intestinal regeneration ([Figure 2J, K and N](#f2){ref-type="fig"}; [Supplementary Figure S2B and G](#S1){ref-type="supplementary-material"}). The combined knockdown of wg from ISCs/EBs and the VM (esg; how^ts^\>wg-IR) resulted in a block in midgut regeneration comparable to that observed in esg^ts^\>wg-IR midguts ([Figure 2L](#f2){ref-type="fig"}). Together, these results indicate that Wg produced by the progenitor cell population expressing escargot (escargot positive; esg^+ve^) but not the VM or ECs (the latter expressing MyoIA; MyoIA^+ve^) is required for the acute proliferative response of ISCs to damage in the *Drosophila* adult midgut.

Wg from the epithelial compartment is essential for damage-induced ISC proliferation but dispensable for homeostatic self-renewal
---------------------------------------------------------------------------------------------------------------------------------

We next tested whether Wg within the epithelial compartment was required for homeostatic self-renewal of the midgut. We reasoned that loss of function clones of wg would probably produce inconclusive results due to potential non-autonomous effect from surrounding wild-type ISCs. Therefore, we knocked down wg from the epithelial compartment by RNAi using the inducible 'escargot flip out\' system (esg^ts^ F/O\>gfp) ([@b36]), in which every progenitor cell and its new progeny will express Gal4 and UAS-gfp in addition to our UAS-RNAi of interest. We made use of two, independent wg-IRs and a wls-IR transgenes and visualized the newly produced esg cell lineage 2, 14 and 28 days after transgene induction ([Figure 3A--L](#f3){ref-type="fig"}; see Materials and methods). Our results indicated that knocking down wg or wls from the epithelium of undamaged midguts had no effect on homeostatic self-renewal ([Figure 3D--L](#f3){ref-type="fig"}; compare with [Figure 3A--C](#f3){ref-type="fig"}). Furthermore, we observed no significant decrease in the number of Delta^+ve^ ISCs even after long-term (30 days) knockdown of wg in either esg^ts^\>wg-IR or how^ts^\>wg-IR midguts ([Figure 3M](#f3){ref-type="fig"}; [Supplementary Figure S3A--D and G--J](#S1){ref-type="supplementary-material"}). Note the similar number of ISCs in 7- and 30-day-old esg^ts^\>wg-IR and how^ts^\>wg-IR midguts, when compared to 7-day-old control counterparts. This suggested no requirement for Wg in either the VM or the epithelial compartment alone for ISC maintenance. Midguts from wg^CX4^ heterozygote animals also showed a stable number of ISCs over time ([Figure 3M](#f3){ref-type="fig"}; [Supplementary Figure S3E and F](#S1){ref-type="supplementary-material"}) in spite of showing deficient regeneration ([Figure 2M](#f2){ref-type="fig"}). Corresponding with the previously described ageing phenotype ([@b11]), 30-day-old control midguts (esg^ts^\>gfp and how^ts^\>gfp) had increased number of ISCs when compared to younger counterparts ([Figure 3M](#f3){ref-type="fig"}; [Supplementary Figure S3A, B, I and J](#S1){ref-type="supplementary-material"}). Importantly, damage induced by Pe feeding in esg\>^ts^ F/O midguts 14 days after transgene induction confirmed the essential requirement of epithelium-induced Wg for midgut regeneration ([Figure 3N--Q](#f3){ref-type="fig"}; compare with [Figure 3B, E](#f3){ref-type="fig"} respectively and [Figure 3R](#f3){ref-type="fig"}). Together, these results demonstrate that Wg from the epithelial compartment is specifically required for ISC proliferation in response to damage to the midgut epithelium but it is dispensable for tissue self-renewal and ISC maintenance under homeostatic conditions.

Wg signalling is required for intestinal regeneration
-----------------------------------------------------

We next tested components of canonical Wg signalling for their role in the ISC proliferative response to damage during regeneration. We first used the MARCM system ([@b45]) to make clones of combined loss of function alleles of the genes encoding for the Fz1 and Fz2 receptors (fz^H51^, fz2^C1^) ([@b19]; [Figure 4A--E](#f4){ref-type="fig"}) and the β-Catenin/TCF co-activator Pygopus (pygo^S123^) ([@b43]; [@b55]; [@b67]; [Figure 4F--J](#f4){ref-type="fig"}). Control (FRT 2A and FRT 82B) and loss of function clones were induced in adult animals and allowed to age at 25°C for 13 days followed by 1 day sucrose (Suc) or bacterial (Pe) feeding. We assessed ISC proliferation during regeneration by scoring the number of cells per clone in sucrose-treated and damaged midguts. Control clonal size increased significantly in response to Pe infection ([Figure 4A, B](#f4){ref-type="fig"}) while the size of fz^H51^, fz2^C1^ and pygo^S123^ clones remained unchanged after damage ([Figure 4C--E and H--J](#f4){ref-type="fig"}). We also compared the size of control and loss of function midgut clones from sucrose fed animals to assess the requirement for Fz and Pygo in homeostatic ISC proliferation. Previous work reported a mild-progressive decrease in the number of fz, fz2 loss of function clones in the midgut indicating a requirement in homeostatic ISC maintenance ([@b48]). Indeed, our data showed a marginal decrease in the size of sucrose fz^H51^, fz2^C1^ clones when compared with equally treated control clones ([Figure 4A, C and E](#f4){ref-type="fig"}) while no significant difference was detected between the size of sucrose, pygo^S123^ and control clones ([Figure 4F, H and J](#f4){ref-type="fig"}). Differences in the requirements for Pygo in intestinal homeostasis versus regeneration may be due to the partial requirement for Pygo in Wnt signalling ([@b55]; [@b32]). To further address the role of canonical Wg signalling in intestinal regeneration, we next overexpressed a dominant-negative isoform of the β-Catenin co-factor Tcf/Pangolin ([@b70]) using the esg^ts^ F/O system (esg^ts^F/O\>Tcf^DN^) ([Figure 4K--P](#f4){ref-type="fig"}). esg^ts^F/O\>Tcf^DN^ midguts showed a complete block in ISC proliferation upon Pe infection ([Figure 4O and P](#f4){ref-type="fig"}; compare with [Figure 4L and M](#f4){ref-type="fig"} and [Figure 4Q](#f4){ref-type="fig"}). We confirmed these results in esg^ts^\>Tcf^DN^ midguts with the use of different damaging agents ([Supplementary Figures S4A--H and M](#S1){ref-type="supplementary-material"}). Furthermore, esg^ts^F/O\>Tcf^DN^ midguts showed a severe impairment in homeostatic self-renewal as evidenced by an almost complete loss in the esg cell lineage after 14 days of transgene expression ([Figure 4N and O](#f4){ref-type="fig"}; compare with [Figure 4K and L](#f4){ref-type="fig"}). This result was consistent with the loss of Delta^+ve^ ISCs observed in esg^ts^\>Tcf^DN^ midguts after 30 days of transgene expression ([Figure 4R](#f4){ref-type="fig"}; [Supplementary Figure S4I--L](#S1){ref-type="supplementary-material"}). Together, these data indicate that canonical Wg pathway is essential for damage-induced ISC proliferation in regenerating *Drosophila* midguts. In contrast, the role of this pathway in homeostasis was component dependent. Blocking all signalling via the dominant-negative Tcf transgene completely inhibited homeostatic self-renewal, while other pathway components had mild or no effect in homeostasis. In contrast, all pathway components tested were essential for midgut regeneration. Thus, a marked difference could be observed between the requirement of Wg signalling in intestinal homeostasis and regeneration.

Myc is activated downstream of Wg during regeneration of the adult *Drosophila* midgut
--------------------------------------------------------------------------------------

Myc proteins are conserved proto-oncogenes and regulators of normal growth and proliferation ([@b37]; [@b69]). Furthermore, c-Myc is a well-known Wnt target, which mediates Apc-driven hyperplasia ([@b60]) and damage-induced regeneration in the mouse intestine ([@b4]). We have also demonstrated that Myc has a conserved role as mediator of Apc-driven ISC hyperproliferation in the *Drosophila* midgut (Cordero *et al*, under review). We next examined the role of Myc in ISC proliferation in response to damage as well as in tissue homeostasis. First, we assessed the levels of Myc in midguts under homeostatic conditions and in response to damage. Antibody staining showed a dramatic increase in Myc levels within esg^+ve^ cells in response to damage ([Figure 5A--C′](#f5){ref-type="fig"}; [Supplementary Figure S5A--B′](#S1){ref-type="supplementary-material"}). Importantly, Myc induction in response to damage was diminished in esg^ts^\>wg-IR midguts ([Figure 5D and D′](#f5){ref-type="fig"}; compare with [Figure 5C and C′](#f5){ref-type="fig"}) indicating that Myc upregulation during midgut regeneration is at least in part dependent on Wg. We next knocked down myc by RNAi using the esg^ts^ F/O system (esg^ts^F/O\>myc-IR) ([Figure 5E--J](#f5){ref-type="fig"}). esg^ts^F/O\>myc-IR midguts showed a complete block in ISC proliferation in response to Pe infection after 14 days of RNAi transgene expression ([Figure 5I and J](#f5){ref-type="fig"}; compare [Figure 5F and G](#f5){ref-type="fig"} and [Figure 5K](#f5){ref-type="fig"}). We confirmed these results in esg^ts^\>myc-IR midguts and by the use of different damaging agents ([Supplementary Figure S5C](#S1){ref-type="supplementary-material"}). Previous work in the *Drosophila* midgut reported that concomitant 2-day RNAi knockdown of myc and DSS treatment did not affect ISC proliferation ([@b1]). This discrepancy with our results is likely due to the kinetics of myc knockdown, as it would take time for the RNAi to reduce Myc mRNA levels. It is therefore possible that RNAi was not efficient to overcome Myc upregulation and prevent regeneration as per the protocol used in that study. As in the case of Tcf^DN^, esg^ts^F/O\>myc-IR midguts showed impaired homeostatic self-renewal, which was clearly evident after 14 days of transgene expression ([Figure 5H and I](#f5){ref-type="fig"}; compare with [Figure 5E and F](#f5){ref-type="fig"}). Consistently, we observed an almost complete loss of Delta^+ve^ ISCs in esg^ts^\>myc-IR midguts after 30 days of transgene expression ([Figure 5M](#f5){ref-type="fig"}; [Supplementary Figure S5H--M](#S1){ref-type="supplementary-material"}). Importantly, heterozygote dm^4^/+ and dm^G0139^/+ midguts showed a 50% reduction in the number of ISCs proliferating in response to damage ([Figure 5L](#f5){ref-type="fig"}) in spite of maintaining a constant number of ISC over time ([Figure 5M](#f5){ref-type="fig"}; [Supplementary Figure S5F and G](#S1){ref-type="supplementary-material"}). This suggests that the requirement for Myc in midgut regeneration is not simply due to a general permissive role in ISC maintenance. Together, our results indicate that Myc has an instructive role in damaged-induced ISC proliferation in regenerating *Drosophila* midguts as well as a permissive role in ISC proliferation during normal tissue homeostasis.

Wg from EBs is required for Myc-dependent ISC proliferation in regenerating midguts
-----------------------------------------------------------------------------------

Using the esg-gal4 driver we have demonstrated that Wg from stem/progenitor cells (ISCs/EBs) is largely responsible for midgut regeneration upon multiple damages ([Figures 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}). To further identify the source of Wg in regenerating midguts, we used the Su(H)GBE-gal4, UAS-gfp driver to express wg RNAi (Su(H)^ts^\>wg-IR) ([Figure 6](#f6){ref-type="fig"}). This allows wg knockdown within EBs only ([@b75]). As expected from our previous localization data ([Figure 1](#f1){ref-type="fig"}), Wg was found in all small nuclei cells expressing Su(H)\>gfp (Su(H)\>gfp^+ve^), even though some cells showing Wg staining did not express Su(H)\>gfp (Su(H)\>gfp^−ve^) ([Figure 6A--B′](#f6){ref-type="fig"}). Consistent with the knockdown in the esg^+ve^ cells we were unable to detect a significant knockdown of basal Wg in Su(H)^ts^\>wg-IR versus Su(H)^ts^\>gfp midguts ([Figure 6E′ and F′](#f6){ref-type="fig"}; compare with [Figure 6A′ and B′](#f6){ref-type="fig"}). Pe infection caused high ISC hyperproliferation ([Figure 6J](#f6){ref-type="fig"}) and expansion of the Su(H)\>gfp expression domain to include cells of intermediate nuclear size and thought to be immature ECs ([Figure 6C and D](#f6){ref-type="fig"}). As expected, Wg was highly upregulated in the epithelium of damaged midguts ([Figure 6C′ and D′](#f6){ref-type="fig"}; compare with [Figure 6A′ and B′](#f6){ref-type="fig"}; [Figure 6I](#f6){ref-type="fig"}). Critically, Su(H)^ts^\>wg-IR midguts showed diminished Wg upregulation ([Figure 6G′ and H′](#f6){ref-type="fig"}; compare with [Figures 6C′ and D′](#f6){ref-type="fig"}; [Figure 6I](#f6){ref-type="fig"}) and strong reduction in ISC proliferation in response to damage ([Figure 6J](#f6){ref-type="fig"}). Furthermore, we observed a drastic decrease in Su(H)\>gfp^+ve^ cells in damaged Su(H)^ts^\>wg-IR midguts ([Figure 6G](#f6){ref-type="fig"}), which is likely due to prevention of ISC proliferation and tissue regeneration after damage. Importantly, knocking down myc from EBs (Su(H)^ts^\>myc-IR) did not affect ISC proliferation during midgut regeneration ([Figure 6J](#f6){ref-type="fig"}). Thus, Myc is not required in the cells that produce Wg and instead is required in ISCs to drive regeneration. Together, these data suggest that Wg from the undifferentiated progenitor of ISCs, the EBs, is required for ISCs proliferation during regeneration of the *Drosophila* midgut.

JNK activation induces Wg and Myc in the *Drosophila* adult midgut
------------------------------------------------------------------

The JNK pathway is activated in response to different types of cellular stresses ([@b73]). We observed that damage in the intestine resulted in activation of JNK as assessed by phosphorylation (pJNK) predominantly in ECs and big nuclei esg^+ve^ cells ([Supplementary Figure S6A and B](#S1){ref-type="supplementary-material"}, arrows and not shown). This is consistent with previous reports on the localization of puckered as a readout of JNK activity ([@b11]). Importantly, JNK activation drives ISC proliferation in the *Drosophila* adult midgut ([@b11], [@b13]; [@b36]). We activated JNK signalling by overexpressing activated or wild-type hemipterous (hep) in progenitor cells (esg^ts^\>hep^CA^) ([Figure 7B and B′](#f7){ref-type="fig"}); (esg^ts^\>hep^wt^) ([Figure 7C and C′](#f7){ref-type="fig"}), and observed significant upregulation of Wg ([Figure 7B′ and C′](#f7){ref-type="fig"}; compare with [Figure 7A′](#f7){ref-type="fig"} and [Figure 7E](#f7){ref-type="fig"}) and Myc ([Figure 7E](#f7){ref-type="fig"}; [Supplementary Figure S6C--D′](#S1){ref-type="supplementary-material"}). Activation of JNK in ECs under the MyoIA driver (MyoIA^ts^\>hep^wt^) resulted in upregulation of Wg in MyoIA^−ve^ cells ([Figure 7D and D′](#f7){ref-type="fig"}). Together, these data suggest that JNK activation is sufficient to drive Wg and Myc upregulation in progenitor cells in the *Drosophila* adult midgut. Overexpression of wg under the esg-gal4 driver (esg^ts^\>wg) showed no detectable regulation of JNK signalling as assesed by puckered (puc) expression levels ([Figure 7F](#f7){ref-type="fig"}) and pJNK staining (not shown). Importantly, downregulation of Wg singnalling by overexpressing wg RNAi (esg^ts^\>wg-IR) or Tcf^DN^ (esg^ts^\>Tcf^DN^) significantly suppressed the hyperplastic phenotype of esg^ts^\>hep^wt^ midguts ([Figure 7G](#f7){ref-type="fig"}; [Supplementary Figure S6E--I](#S1){ref-type="supplementary-material"}). This demonstrates that Wg signalling is an important effector of JNK activity in the *Drosophila* adult midgut.

Wg and Myc are upregulated in ageing *Drosophila* midguts
---------------------------------------------------------

Ageing *Drosophila* midguts display high levels of JNK activity followed by ISC hyperproliferation and differentiation defects ([@b11], [@b13]; [@b20]; [Supplementary Figure S7A--B′ and E](#S1){ref-type="supplementary-material"}). Ectopic Delta and Notch activity seem responsible for misdifferentiation in old midguts ([Supplementary Figure S7E](#S1){ref-type="supplementary-material"}; [@b11]). As in young damaged midguts, ageing tissues showed pJNK in ECs and big nuclei esg^+ve^ cells ([Supplementary Figure S7B and B′](#S1){ref-type="supplementary-material"}, arrows). We noticed that midguts where wg was knocked down showed an impaired age-dependent increase in ISC number ([Figure 3](#f3){ref-type="fig"}; [Supplementary Figure S3](#S1){ref-type="supplementary-material"}). To assess the role of Wg in ageing midguts, we first looked at the levels of Wg in young versus old midguts. Remarkably, ageing *Drosophila* midguts displayed a significant increase in Wg ([Figure 8A--B′](#f8){ref-type="fig"}) and Myc ([Figure 8C--D′](#f8){ref-type="fig"}) within the esg^+ve^ cells when compared to young tissues. RT--qPCR quantification confirmed upregulation of both transcripts ([Supplementary Figure S7F](#S1){ref-type="supplementary-material"}). Furthermore, Myc levels were largely dependent on Wg in old intestines ([Supplementary Figure S7H](#S1){ref-type="supplementary-material"} and not shown). This suggests that ageing *Drosophila* midguts upregulate Wg and Myc in a similar fashion to young regenerating tissues.

Wg and Myc mediate ISC hyperproliferation in the ageing *Drosophila* midgut
---------------------------------------------------------------------------

High Wnt signalling has been associated with age-dependent phenotypes in stem cell-based systems such as the epidermis and the haematopoietic lineage in a mouse model of accelerated ageing ([@b49]; [@b18]). Nevertheless, little is known about its impact on ISCs upon ageing of the intestinal epithelium. We next examined the role of Wg and Myc in ageing *Drosophila* midguts. Downregulation of wg from progenitor cells (esg^ts^\>wg-IR) almost completely suppressed ISC hyperproliferation in ageing midguts ([Figure 8I and J](#f8){ref-type="fig"}). JNK signalling was still upregulated in old esg^ts^\>wg-IR intestines ([Supplementary Figure S7C--D′](#S1){ref-type="supplementary-material"}; compare with [Supplementary Figure S7A--B′](#S1){ref-type="supplementary-material"} and [Supplementary Figure S7G](#S1){ref-type="supplementary-material"}) consistent with Wg being downstream of JNK activation in ageing midguts. Strikingly, midguts from old, wg and myc heterozygote animals showed no ISC hyperproliferation and looked essentially like young wild-type ones ([Figure 8F, H--J](#f8){ref-type="fig"}). Interestingly, we observed that---even though not to the same extent as esg^ts^\>wg-IR midguts---old how^ts^\>wg-IR midguts showed significant suppression of age-dependent ISC hyperproliferation ([Figure 8I and J](#f8){ref-type="fig"}).

Discussion
==========

Here, we use the posterior adult *Drosophila* midgut to address the role of Wg and its downstream signalling pathway during the proliferative response of ISCs to acute damage of the intestinal epithelium. Our results suggest that, in response to stress or damage, Wg production is induced in EBs, which stimulates ISC proliferation and subsequent midgut regeneration in a Myc-dependent manner ([Figure 9](#f9){ref-type="fig"}). Our results place Wg induction downstream of the damage/stress activated kinase JNK.

Wnt ligands and the ISC niche
-----------------------------

The VM that surrounds the *Drosophila* midgut was proposed to constitute the Wg niche and be the sole source of the ligand required for ISC maintenance and homeostatic tissue self-renewal ([@b48]). Our results suggest that Wg produced within the intestinal epithelium and not the VM is essential for intestinal regeneration in response to acute damage. Furthermore, neither source of the ligand seems solely responsible for homeostatic self-renewal. Apparent discrepancies with the previous study could have different explanations. One possibility is that the ISC phenotype of whole wg mutants ([@b48]) may be the result of combined Wg loss in VM and midgut epithelium. Alternatively, minimal levels of wg may be sufficient to maintain ISCs during homeostasis while a higher threshold of ligand production and subsequent signalling activation may be required for regeneration. In such a scenario, wg knockdown by RNA interference may still leave enough Wg to maintain the tissue under homeostatic conditions. We favour the latter possibility over the former one since combined wg knockdown in esg;how\>wg-IR midguts did not show significant loss of ISCs ([Supplementary Figure S3K--Q](#S1){ref-type="supplementary-material"}). Dose-dependent roles of Wnt signalling have been previously reported to regulate haematopoietic stem cells and tumourigenesis ([@b27]; [@b50]). Another possible explanation to the mild ([@b48]) or absent role of Wg in homeostatic self-renewal may be compensation by other Wnt ligands. Therefore, while Wg is the main ligand required for regeneration, different ligands may compensate for each other during homeostatic maintenance of the tissue. Recent work in the murine small intestine has shown that one of the differentiated progeny of ISCs, the Paneth cell, expresses multiple growth factors such as EGFs and Wnt3 and are sufficient to drive the formation of 'crypt-like\' structures from single Lgr5-expressing ISCs *in vitro* ([@b62]). Paneth cells have therefore been proposed as an important component of the Wnt ISC niche. *In vivo* work involving ablation of Paneth cells suggests the presence of potential compensatory mechanisms during homeostasis ([@b24]; [@b39]), while their role in intestinal regeneration has been suggested ([@b65]). Our work demonstrates that Wg from the transient daughter of the ISC, the EBs, is essential for efficient ISC proliferation during regeneration of damaged midgut epithelium. Therefore, *Drosophila* EBs could be seen as a functional homologue of the vertebrate Paneth cell and represent an essential component of the ISC niche. In the particular case of Wg, we propose that EBs represent a 'regeneration-specific ISC niche\'. Growth factors such as IL-6/Upds and EGF-like ligands are important components of the *Drosophila* ISC niche ([@b9]; [@b15]; [@b12]; [@b36], [@b35]). Intriguingly, the EGF-like ligand Spitz has been shown to be expressed in the small progenitor cells (ISCs/EBs) in the midgut, which is characterized by the expression of escargot ([@b35]). Even though direct functional assesment of the role of Spitz and other growth factor from EBs remains to be performed our results strongly point to these cells as a potential general source of factors essential for ISC proliferation.

Previous work suggests that midgut regeneration involves an intricate crosstalk between multiple signalling pathways. JAK/Stat signalling seems to be a central component of this response ([@b14]; [@b36]; [@b59]; [@b63]; [@b66]; [@b35]). Current work from our group suggests that JAK/Stat signalling is an important mediator of the hyperplastic phenotype resulting from loss of Apc in the *Drosophila* midgut (Cordero *et al*, under review). Our results presented here suggest that damage to the midgut results in parallel activation of Wg/Myc and JAK/Stat ([Supplementary Figure S8](#S1){ref-type="supplementary-material"}). Knockdown of either pathway does not affect upregulation of the other pathway in response to damage even though midguts are still unable to regenerate. A similar scenario has been reported in the interplay between EGFR and JAK/Stat signalling ([@b35]). Therefore, activation of multiple pathways is a necessary condition for proper midgut regeneration ([Supplementary Figure S8](#S1){ref-type="supplementary-material"}). Likewise, midgut hyperproliferation in response to ectopic Wg signalling requires Myc and involves concerted activation of EGFR and JAK/Stat (Cordero *et al*, under review). Consistently, forced overexpression of ectopic Myc only is not sufficient to drive ISC proliferation (Cordero *et al*, under review) and cannot overcome the absence of other proliferating signals such as JAK/Stat ([Supplementary Figure S8](#S1){ref-type="supplementary-material"}) or Wg (not shown) during midgut regeneration.

Homeostasis and regeneration: separation of work?
-------------------------------------------------

One important question in the stem cell arena is whether tissue homeostasis and regeneration are controlled by similar mechanisms. Work in the mammalian intestine has shown examples where genes redundant for normal homeostasis are required for intestinal regeneration and Apc-driven intestinal hyperplasia ([@b4]). Therefore, the regenerative process cannot be interpreted as a simple acceleration of tissue self-renewal. Consistent with this concept, our work shows that partial reduction of the levels of Wg and Myc prevents ISC hyperproliferation during regeneration and ageing but does not lead to long-term loss of ISCs. Furthermore, components of Wnt signalling such as Pygo are required for intestinal regeneration upon damage but dispensable for ISC proliferation in homeostatic conditions. Therefore, modulating Wg levels could lead to controlled ISC proliferation in conditions of hyperplasia without crossing a threshold that affects tissue integrity.

The Wnt signalling pathway is a central regulator of homeostasis in the mammalian intestine. Inactivating mutations in Wnt pathway components lead to a very rapid loss of intestinal tissue ([@b41]; [@b57]; [@b31]). Our results show that, with the exception of Tcf, knocking down Wnt/Wg signalling has a rather mild and component-dependent role in homeostatic self-renewal of the *Drosophila* midgut. This is indeed consistent with previous reports ([@b48]; [@b74]). Although this scenario may appear at odds with that of the mammalian intestine there are indeed many similarities. In contrast, to genetic ablation of β-Catenin or Tcf4, the impact of Wnt inhibitors such as LRP6 blocking antibodies or Frizzled traps, which partially decrease Wnt signalling is much more subtle with little impact on intestinal homeostasis ([@b23]; [@b25]). In addition, it is also possible that β-Catenin signalling that is independent of ligand may explain the strong phenotype of Tcf^DN^ midguts. For example, it is known that the phosphorylation of β-Catenin by AKT/PKB has important roles in mammalian intestinal homeostasis ([@b29]; [@b44]).

Although the similarities between the fly gut and the intestinal systems are often highlighted, intrinsic differences in the rates of homeostatic proliferation are observed between the two systems. The mouse intestine shows a high rate of homeostatic proliferation and undergoes complete self-renewal in 3--4 days ([@b58]) while the homeostatic fly midgut is a much more quiescent tissue. Basal proliferation rates in young, undamaged *Drosophila* midguts are very low and essentially undetectable by simple pH3 staining. Our lineage-tracing experiments show it takes almost a month to achieve complete self-renewal of the midgut epithelium ([Figure 3](#f3){ref-type="fig"}). Therefore, the homeostatic vertebrate intestine could be more comparable to the regenerating fly midgut. On the other hand, the homeostatic *Drosophila* midgut resembles a lowly proliferative epithelium like that of the mammalian urinary bladder or liver, which both show remarkable regenerative potential and shift from an almost quiescent to a hyperproliferative state in response to injury ([@b30]; [@b28]). Recent work uncovering an inducible role of Wg in regeneration of the bladder epithelium ([@b64]) suggests potential general implications of our work. Additionally, one can expect that the intestinal epithelium of flies living in the wild, which is subject to constant challenges, might show higher basal proliferation than that of laboratory animals. Therefore, similarities between the mammalian and *Drosophila* intestine are likely to out weight their differences.

Materials and methods
=====================

Fly maintenance and genetics
----------------------------

Crosses were maintained at 18°C or 22°C in standard medium. Only posterior midguts of female flies were analysed in this study. Animals of the desired genotypes were collected within 48 h of eclosion, and then kept at either 25 or 29°C in incubators with controlled 12 h light-dark cycles. Flies were changed into new food every 2 days. See [Supplementary data](#S1){ref-type="supplementary-material"} for further details regarding fly stocks and genotypes used in this study.

Transgene activation by temperature-inducible gal4 and flip out systems
-----------------------------------------------------------------------

For transgene expression under the gal4/gal80^ts^ system, animals of the desired genotype were selected and allowed to age at 18°C. Three- to five-day-old animals were switched to 29°C to allow Gal4 activity and subsequent expression of the 'UAS-transgenes\' of interest. The same protocol was applied for initial collection and ageing of animals carrying the inducible 'escargot flip out\' system (esg^ts^ F/O\>gfp) ([@b36]). Three- to five-day-old animals were then switched to 29°C and their midguts were analysed 2, 14 and 28 days after transgene induction to visualize the newly produced esg cell lineage at 29°C. Additional details on transgene expression times are indicated in the corresponding figure legends.

Clonal analysis
---------------

Recombinant clones were generated using the MARCM system ([@b45]). Crosses were maintained at 25°C. Three- to five-day-old adults of the desired genotypes were selected and subject to three 30 min heat shocks at 37°C in 1 day. Flies were then incubated at 25°C for different periods of times.

Histology and tissue analysis
-----------------------------

*Immunofluorescence.* Tissues were dissected in PBS and fixed 30--45 min in 4% para-formaldehyde (Polysciences, Inc.). After fixation, samples were washed three times in PBS+0.1% Triton X-100 (PBST) and incubated in primary antibodies overnight at 4°C. Samples were then washed as described and subjected to secondary antibody staining for 2 h at room temperature followed by washing and mounting on Vectashield containing DAPI (Vector Laboratories, Inc.). Primary and secondary antibodies were incubated in PBST+0.5% BSA. Wg staining was performed as previously described ([@b48]).

*Primary antibodies.* Primary antibodies used were chicken anti-GFP 1:4000 (Abcam); mouse anti-Delta 1:20 (Developmental Studies Hybridoma Bank; DSHB), mouse anti-Wg 1:10 (DSHB); rabbit anti-pH3 S10 and S28 1:100 (Cell Signalling); guinea pig anti-Myc 1:100 and pre-absorbed (from G Morata); mouse p-JNK 1:100 (Cell Signalling).

*Secondary antibodies.* Secondary antibodies used were Alexa 488 1:200 and Alexa 594 1:100 (Invitrogen) and Cy5 1:50 (Jackson Laboratories). Confocal images were captured using the Zeiss 710 Confocal microscope and processed with Adobe photoshop CS to adjust brightness and contrast. Images represent maximal intensity projections of a stable number of Z-Stacks.

Regeneration assays
-------------------

Experimental flies were collected within 48 h of eclosion at 18°C and moved to 29°C for 14 days on standard media. Flies were then transferred to 5% sucrose (vehicle), 5% sucrose−3% DSS (Fisher Scientific), 5% sucrose--25 μg/ml Bleomycin (Sigma) or 10 × overnight (Pe) culture on filter-paper discs (Whatman) for the last 3, 2 or 1 day of the incubation period. Media was changed daily. Guts were then dissected and analysed using immunofluorescence and confocal imaging. Regeneration experiments including control and all experimental transgenes driven under a common gal4 driver were done in parallel for each of the damaging agents used.

Ageing assay
------------

Experimental flies were collected within 48 h of eclosion at 22°C and moved to 29°C for 30 days on standard media. Adults were moved to new food every 2--3 days. Guts were then dissected and analysed by immunofluorescence and confocal imaging.

Quantifications and statistics
------------------------------

Between 5 and 15 midguts were analysed in each experiment. Results were presented in bar graphs created using Graphpad Prism 5. A combination of *t*-test and one-way ANOVA with Bonferroni\'s multiple comparison test was used to calculate statistical significance.

*Quantification of the Delta^+ve^ cells.* We counted the total number of Delta^+ve^ cells present within a consistent region of the posterior midgut, which was imaged with a × 63 lens and comprised a field of 0.015 mm^2^.

*Quantification of Wg staining levels.* We used Image J to quantify integrated fluorescent intensity from three independent samples for each of the conditions and genotypes analysed. We took all images under a × 63 lens and using identical microscope settings ([Figure 6I](#f6){ref-type="fig"}).

*Quantification of ISC proliferation.* Total number of pH3^+ve^ cells per posterior midgut was quantified. In the case of fz^H51^, fz2^C1^ and pygo^S123^ clones, ISC proliferation was assessed by the number of cells per clone. To score the number of cell per clone, we determined clonal boundaries and counted the number of nuclei (stained with DAPI) inside each clone.

RNA quantification
------------------

Total RNA was extracted from 6 to 10 midguts according to [@b61]. cDNA synthesis was performed using the High-Capacity cDNA reverse transcription kit (Applied Biosystems). Transcript levels were measured using the primer pairs shown in [Supplementary data](#S1){ref-type="supplementary-material"}. RNA extractions were performed from three biological replicates. In the case of regenerating midguts, 5--6 biological replicates were analysed. DNA was analysed in triplicate using the Applied Biosystems 7500. Expression of the target genes was measured relative to that of RpL32 (rp49). A series of 10-fold dilutions of an external standard was used in each run to produce a standard curve. MAXIMA SYBR GREEN Master Mix (Fermentas) was used for qPCR following manufacturer\'s instructions. Data were extracted and analysed using Applied Biosystems 7500 software version 2.0 and Prism GraphPad software.
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![Wg is upregulated in *esg*^*+ve*^ cells in response to damage in the adult *Drosophila* midgut. (**A**--**C″′**) Control midguts (**A**--**A″′**) and midguts subject to *wg* knockdown in the visceral muscle (VM) only (*how*^*ts*^*\>wg-IR*) (**B**, **B″′**) or in VM and ISCs/EBs (*esg; how*^*ts*^\>*wg-IR*) (**C**--**C″′**) and stained with anti-Wg (red), DAPI (blue) and Phalloidin (green; **A″**, **A″′**, **B″**, **B″′**) or anti-GFP (**C″**). Posterior of the midgut is to the right. Panels (**A**, **A′**, **B**, **B′**, **C**, **C′**) show apical confocal sections of the VM and (**A″**, **A″′**, **B″**, **B″′**, **C″**, **C″′**) represent cross-sections of the intestinal tube. Note the loss of Wg staining in the VM after RNAi for Wg (arrows in **A**, **A′**, **B**, **B′**, **C**, **C′** and arrowheads in remaining panels). Arrows in (**A″**, **A″′**, **B″**, **B″′**, **C″**, **C″′**) point to cells within the midgut epithelium, which either show detectable Wg staining (Wg^+ve^ cells) (**A″**, **A″′**, **B″**, **B″′**; red) or express *esg\>gfp* (*esg*^*+ve*^ cells) (**C″**; green). Note that Wg^+ve^ cells are still detectable in *how*^*ts*^*\>wg-IR* (**B″**, **B″′**; compare with **A″**, **A″′**) but not in *esg; how*^*ts*^*\>wg-IR* midguts (**C″**, **C″′**; compare with **B″**, **B″′**). (**D**--**L**) Wg staining (red) from midguts of the indicated genotypes, treated with Sucrose (Suc, **D**, **D′**, **J**), infected with the bacteria *Pseudomonas entomophila* (*Pe*) (**E**, **E′**, **G**, **G′**, **I**, **K**, **L**), or treated with Dextran sodium sulphate (DSS) (**F**, **F′**, **H**, **H′**). Note the induction of Wg levels during regeneration (compare **E′**, **F′**, **I** with **D′** and **K** with **J**). RNAi for Wg suppressed Wg upregulation when expressed in the *esg*^*+ve*^ lineage (compare **G′**, **H′** with **E′**, **F′**, respectively) but not when expressed in the VM (compare **I** with **E′**) or in enterocytes (ECs) (compare **L** with **K**). Except otherwise noted posterior midguts were analysed in all cases, and posterior is up in all panels. Scale bars: 40 μm.](emboj2012248f1){#f1}

![Wg from the ISC/EB population but not the VM is required for ISC proliferation during regeneration. (**A**) Quantification of pH3^+ve^ cells from posterior midguts of the indicated genotypes (*wg-IR* and *wg-IR*^*KK*^ are independent RNAi transgenes for *wg*) after Sucrose (Suc) or bacterial (*Pe)* feeding. (**B**--**I**) Immunofluorescence of midguts as in (**A**) stained with anti-GFP (green) to visualize *esg*^*+ve*^ cells and Dapi (blue) to label all cell nuclei. (**J**--**N**) Quantification of pH3^+ve^ cells in posterior midguts of the indicated genotypes. Note that only RNAi for Wg or Wls involving the *esg*^*+ve*^ lineage (**L**), or heterozygosity for the null allele *wg*^*CX4*^ (**M**) significantly inhibits ISC proliferation in response to damage. In contrast, no significant effect was seen by *wg* knockdown in the VM (**J**, **K**) or the ECs (**N**) (\*\*\**P*\<0.0001 one-way ANOVA with Bonferroni\'s multiple comparison test). Scale bars: 20 μm.](emboj2012248f2){#f2}

![Epithelial Wg is dispensable for homeostatic self-renewal. (**A**--**L**) *esg*^*ts*^*\>F/O (esg-gal4, UAS-FLP, actin5C\>stop\>gal4, UAS-GFP, tub-gal80*^*ts*^) clones from guts with the indicated genotypes after 2, 14 and 28 days of incubation at 29°C to induce clones. There was no change in *esg-*derived clones in homeostatic conditions upon loss of *wg* or *wls* (compare **A**--**C** with **D**--**F**, **G**--**I**, **J**--**L**). (**M**) Quantification of Delta^+ve^ cells in posterior midguts of the indicated genotypes. Note that Delta^+ve^ ISCs numbers were not decreased by knockdown of *wg* or *wls* or by heterozygosity for the null allele *wg*^*CX4*^. However, these conditions prevented the mild increase in ISCs observed in aged guts (**M**; \*\*\**P*\<0.0001, \*\**P*\<0.005 Student\'s *t*-test). (**N**--**Q**) *esg*^*ts*^*\>F/O* midguts from the indicated genotypes after 14 days of clone induction and treated with *Pe* (compare with **B**, **E**, **H**, **K**, respectively). Note the requirement of epithelial-derived *wg* and *wls* for damage-induced proliferation. (**R**) Quantification of pH3^+ve^ cells in posterior midguts of the indicated genotypes and treatments. Note the suppression of damage-induced proliferation when *wg* or *wls* is knocked down (\*\*\**P*\<0.0001 one-way ANOVA with Bonferroni\'s multiple comparison test). Scale bars: 60 μm.](emboj2012248f3){#f3}

![Canonical Wnt pathway components are required for intestinal regeneration. (**A**--**I**) Fourteen-day-old control MARCM clones (**A**, **B** and **F**, **G**) or MARCM loss of function clones of *frizzled 1* and *2* (**C**, **D**) or *pygopus* (**H**, **I**) treated with either Suc (**A**, **C**, **F**, **H**) or *Pe* (**B**, **D**, **G**, **I**). Numbers in (**A**--**I**) refer to the number of cells in each of the clones shown, which represent average size clones for each of the conditions depicted. (**E**, **J**) Quantifications of cell number per clone from (**A**--**I**). The numbers inside bars represent the total number of clones scored. Note that *frizzled* or *pygopus* mutant clones failed to increase in size in response to damage when compared to control clones (\*\*\**P*\<0.0001 one-way ANOVA with Bonferroni\'s multiple comparison test). On the other hand, only *frizzled* clones showed decreased size when compared to control ones in homeostatic conditions (\**P*=0.005 Student\'s *t*-test). (**K**--**P**) Posterior *esg*^*ts*^*\>F/O* midguts expressing *gfp* (**K**--**M**) or a dominant-negative Tfc (**N**--**P**) at 2 or 14 days after clone induction, treated with Suc or *Pe*. Note the reduced number of *esg*-derived clones in homeostatic conditions after 14 days of *Tcf*^*DN*^ expression (compare **O** with **L**) and blockade in regeneration (compare **P** with **M**). (**Q**) Quantification of pH3^+ve^ cells in posterior midguts as in (**K**--**P**) (\*\*\**P*\<0.0001 one-way ANOVA with Bonferroni\'s multiple comparison test). (**R**) Quantification of Delta^+ve^ ISCs in posterior midguts of the indicated genotypes. Note the loss of ISCs in 30-day-old esg^ts^\>*Tcf*^*DN*^ midguts when compared to 7-day-old ones (\*\**P*\<0.005, \*\*\**P*\<0.0001 Student\'s *t*-test). Since the scoring of Delta^+ve^ cells was done in parallel for all the genotypes analysed, controls (*esg*^*ts*^*\>gfp*) presented here for reference are the same as shown in [Figure 3M](#f3){ref-type="fig"}. Scale bars: 50 μm.](emboj2012248f4){#f4}

![Myc is activated downstream of Wg during regeneration. (**A**--**D′**) Midguts of the indicated genotypes treated with Suc (**A**, **A′**), *Pe* (**B**, **B′**) or DSS (**C**--**D′**) and stained with anti-MYC (red in left panels and grey in right panels). Note the upregulation of Myc during regeneration (compare **B′**, **C′** with **A′**), which is prevented by Wg knockdown in *esg*^*+ve*^ cells (compare **D′** with **C′**). (**E**--**J**) *esg*^*ts*^*\>F/O* midguts expressing *gfp* (**E**--**G**) or RNAi for *myc* (**H**--**J**) at 2 and 14 days after clone induction and treated with Suc or *Pe*. Note the reduced number of *esg*-derived clones upon time during homeostatic conditions (compare **I** with **F**) and the complete block in the response to damage when *my*c is knocked down (compare **J** with **G**). (**K**, **L**) Quantification of pH3^+ve^ cells in posterior midguts of the indicated genotypes and treatments. Note the complete block in proliferation by *myc* knockdown (**K**), and the halved proliferation rates in regenerative conditions by *myc* heterozygosity (**L**) (\*\*\**P*\<0.0001 one-way ANOVA with Bonferroni\'s multiple comparison test). (**M**) Quantification of Delta^+ve^ ISCs in posterior midguts of the indicated genotypes and age. Note the loss of Delta^+ve^ ISCs after 30 versus 7 days of *myc* knockdown in progenitor cells (*esg*^*ts*^*\>myc-IR*) but not in age-matched *myc* heterozygotes (\*\*\**P*\<0.0001 Student\'s *t*-test). As indicated in the previous figure, Delta^+ve^ values from control (*esg*^*ts*^*\>gfp*) midguts presented here for reference are the same as shown in [Figure 3M](#f3){ref-type="fig"}. Unlike controls, *myc* heterozygotes midguts did not display increase in number of ISC over time (\*\**P*\<0.005 Student\'s *t*-test). Sale bars: 40 μm (**A**--**D′**); 50 μm (**E**--**J**).](emboj2012248f5){#f5}

![Wg from enteroblasts (EBs) is required for Myc-dependent ISC proliferation during regeneration. (**A**--**H**′) Wg staining (red) from midguts expressing the EB driver *Su(H)GBE-gal4 gfp* only (**A**--**D′**) or in combination with RNAi for *wg* (**E**--**H′**). Note the impairment in Wg upregulation in response to damage in midguts with *wg* knockdown in EBs. Panels (**B**, **B′**, **D**, **D′**, **F**, **F′**, **H**, **H′**) show high magnification views from the boxed areas in the left panels. Arrows point to Wg^+ve^ cells. (**I**) Wg levels represented as the average fluorescence intensity from three independent samples for each of the conditions and genotypes analysed. (**J**) Quantification of pH3^+ve^ cells in the indicated genotypes. Note that when driven with *Su(H)-gal4*, and in contrast to *myc* knockdown, midguts with *wg* knockdown failed to proliferate in response to damage (\*\*\**P*\<0.0001 one-way ANOVA with Bonferroni\'s multiple comparison test). Scale bars: 40 μm.](emboj2012248f6){#f6}

![JNK activation induces Wg in the *Drosophila* adult midgut. (**A**--**D**′) Control midguts (**A**, **A′**) or after forced activation of JNK in ISCs/EBs via activated (**B**, **B′**) or wild-type (**C**, **C′**) JNKK *hemipterous* (*hep*) for the indicated times and stained with anti-Wg antibody (red in left panels and grey in right ones). JNK activation resulted in drastic increase in the levels of Wg as assessed by staining (compare **B**--**C′** with **A**, **A′**). (**D**) Forced activation of JNK in ECs labelled with *MyoIA*^*ts*^*\>gfp* (**D**; green) resulted in Wg upregulation in non-*MyoIA* expressing cells (arrows in **D**, **D′**). (**E**) qPCR quantification of *wg, myc* and *puckered (puc)* transcript levels in control midguts and midguts overexpressing activated hemipterous under the *esg*^*ts*^*\>gfp* driver (*esg*^*ts*^*\>hep*^*act*^). (**F**) qPCR quantification of *puckered (puc)* transcript levels in control midguts and midguts overexpressing Wg under the *esg*^*ts*^*\>gfp* driver. (**G**) Quantification of pH3^+ve^ in the genotypes indicated. Note that knockdown of *wg* or Tcf repressed JNK-driven ISC proliferation (\*\*\**P*\<0.0001 one-way ANOVA with Bonferroni\'s multiple comparison test). Scale bars: 20 μm.](emboj2012248f7){#f7}

![Wg and Myc are upregulated in ageing *Drosophila* midguts. (**A**--**D**′) Midguts expressing gfp under the control of the *esg*-gal4 driver stained with anti-Wg (**A**--**B′**) or anti-Myc (**C**--**D′**) at 7 and 30 days after adult eclosion. Arrows in (**A**, **A′**) point to a subset of esg^+ve^ cells that also express Wg. Note the increase in esg^+ve^ cells and upregulation of Wg and Myc in aged guts. (**E**--**H**) Posterior midguts from 7- or 30-day-old adults, expressing RNAi for *wg* under the control of the *esg*-gal4 driver (**E**, **G**) and midguts from age-matched flies heterozygous for a loss of function allele of *myc* (**F**, **H**). (**I**, **J**) Quantification of pH3^+ve^ cells in the genotypes indicated at 7 (**I**) or 30 (**J**) days (\*\*\**P*\<0.0001 one-way ANOVA with Bonferroni\'s multiple comparison test). Partial loss of *wg* or *myc* suppressed the age-dependent ISC proliferation hyperproliferation. Scale bars: 20 μm.](emboj2012248f8){#f8}

![Damage-inducible Wg from EBs is required for ISC proliferation during midgut regeneration. Model of interactions in the ISC niche during damage. Intestinal damage or stress results in JNK activation in ECs. This results in upregulation and secretion of Wg by EBs, which in turn activates canonical Wnt signalling and Myc upregulation in its progenitor ISC to drive proliferation and tissue regeneration. The visceral muscle niche expresses Wg but is dispensable for regeneration. See the text for details.](emboj2012248f9){#f9}
